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Abstract. We contribute another anisotropy study to this field of research using Type Ia
supernovae (SNe Ia). In this work, we utilise the power spectrum calculation method and
apply it to both the current SNe Ia data and simulation. Using the Union2.1 data set at all
redshifts, we compare the spectrum of the residuals of the observed distance moduli to that
expected from an isotropic universe affected by the Union2.1 observational uncertainties at
low multipoles. Through this comparison we find a dipolar anisotropy with tension of less
that 2σ towards l = 171◦ ± 21◦ and b = −26◦ ± 28◦ which is mainly induced by anisotropic
spatial distribution of the SNe with z > 0.2 rather than being a cosmic effect. Furthermore,
we find a tension of ∼ 4σ at ` = 4 between the two spectra. Our simulations are constructed
with the characteristics of the upcoming surveys like the Large Synoptic Survey Telescope
(LSST), which shall bring us the largest SNe Ia collection to date. We make predictions for
the amplitude of a possible dipolar anisotropy that would be detectable by future SNe Ia
surveys.
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1 Introduction
The observational investigation of the validity of the cosmological principle (CP) and its
domain of validity is one of the main questions of modern cosmology. The isotropy of the
cosmic microwave background radiation (CMB) suggests that the Universe is isotropic on
very large scales (of order 100h−1Mpc). Despite this fact, we observe cosmic structures such
as voids and super-clusters in the nearby Universe. One then wonders where the transition
between these two states occurs. While we have data on very large scales and also in our
neighbourhood, we still require further data on the intermediate scales. This is where Type
Ia supernovae (SNe Ia), which are the subject of our study in this work, could come useful.
On the other hand, beside the important question of checking the validity of the CP, there
are some known anomalies which are related to the possible anisotropy of the Universe.
Accordingly, the search for a possible preferred axis, and hence anisotropy, in the cosmos
has more critical motivations than to just look for a transition scale of the CP. These are as
follows:
• Large scale velocity flows: The scale of large scale (of order 100−1Mpc or larger) bulk
flows is observed to be greater than what is expected in the standard ΛCDM cosmology
[1–3].
• The alignment of the CMB power spectrum low multipoles: The directions of the normals
to planes of the octopole and quadrupole moments and the dipole moments in the
observed CMB map seem to point to a unified direction [4, 5].
• The CMB power asymmetry : There is an indication of a power asymmetry in WMAP
[6] and Planck data[7].
• Large scale alignment of quasar optical polarisation data: It turns out that the quasar
polarisation vectors point towards a common direction in the sky [8, 9].
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If there is indeed anisotropy discovered in the Universe which is trustable and not due
to systematic effects, various proposed physical effects could be responsible for such a signal.
First and foremost the founding assumption upon which the standard cosmological paradigm
is constructed would not hold any longer. Another possibility would be a dark energy with an
anisotropic equation of state [10]. And also early universe models can introduce anisotropies
[11, 12]. In using SNe Ia as our anisotropy probe, there could occur various events which
could disguise as anisotropy signals. Such these effects are the following: The intrinsic scatter
of the SNe Ia (due to them not being perfect standard candles), scatter due to the location
of the SNe Ia within the host galaxy and the type of the galaxy, extinction due to dust in the
host galaxy, intergalactic medium and our own galaxy and finally, gravitational lensing along
the line of sight to the SNe Ia, which could alter the light coming from the source [13, 14].
But since most of the effects mentioned happen on the galactic scale they will be averaged
out in a statistically large enough sample [15].
Various methods have been employed over the years for investigating possible anisotropies
in the Universe at varying scales. These are either model independent searches or ones as-
suming certain anisotropic models [16–18], for a specific example we can mention dark energy
models [19–22]. With regards to the model independent approaches, many works employ the
hemisphere comparison method, like [23–28]. Other works such as that of Colin et al.’s in [29]
employ the statistical tool of ‘residual’ they developed and analyse the data tomographically.
Also the dipole anisotropy is studied [30, 31] as well.
All of these works find low significance anisotropies, which are mostly attributed either to
systematic effects or low numbers of SNe Ia. While obviously these two sources of uncertainty
are to be rectified in different ways, it is noteworthy to point out that as the number of data
points (SNe Ia) increases in future data sets, the sources of systematics will be identified more
clearly and therefore we will know how to try and improve upon our methodology and/or
technologies we utilise at the moment.
In this work we use the method of angular power spectrum calculation and apply it to
the deviation of SNe Ia distance moduli from those in the standard isotropic model in order
to probe anisotropy in the dipole and higher multipole moments. We also demonstrate that
this method is potentially a strong probe to investigate anisotropy with future larger data
sets.
We should also mention that there exist studies that are pursued in the same direction
[15, 32, 33]. One such important study is the work of Bengaly et al. [34]. These authors
consider only the low-redshift regime in order for their analysis to be model independent.
Making use of the two most recent SNe Ia data sets available namely the Union2.1 and the
JLA data set [36], Bengaly et al. conclude that they cannot discard the possibility of the
existence of a genuine anisotropy in the recent Universe. We point out here that in the
present work, in contrast to recent similar studies, we probe the angular power spectrum of
SNe Ia at higher redshifts, mainly with the motivation of bulk flow measurement of possibly
cosmological origin. This would allow us to probe any possible discrepancy with the standard
cosmological model prediction as discussed in the recent work by Colin et al. [37]. We should
therefore observe some degree of dipolar anisotropy in the SNe Ia data, which is also found
in many of the previous works albeit at low significance [23, 24, 29].
Also all of the power spectrum investigations cited above utilise the SNe Ia data sets
only, whereas we use the data as well as simulations in order to try and make predictions
regarding what future data could tell us in this regard. We aim to determine a threshold
value for the amplitude of a possible dipole anisotropy seeable by future supernova surveys
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such as the LSST [38].
The paper is organized as follows. In section 2 we describe the methods we employed
in our investigations and analyses. In section 3 we introduce the observational data we made
use of in our work and investigate any detectable anisotropies out of the data. In section 4 we
talk about our simulations for future surveys including dipolar anisotropy. Lastly, in section
5 we shall conclude.
2 Method
In this section the method used in our search for finding possible anisotropies in the Universe
is explained. As we mentioned briefly in the introduction, our method is that of power
spectrum calculation. In this method, we simply target every supernova in turn and calculate
their theoretical distance moduli to compare with their observed values. The distance modulus
is given as:
µ = 5 log dL + 25, (2.1)
where dL is the luminosity distance in Mpc given in the standard cosmological model
(ΛCDM) by:
dL =
c(1 + z)
H0
∫ z
0
dz′√
ΩM (1 + z′)3 + ΩΛ
, (2.2)
where the integral is from now (z = 0) to the redshift of the object, z, c is the speed
of light, ΩM and ΩΛ are the matter and cosmological constant density parameters and H0
is the Hubble parameter of expansion. Note that we have assumed a flat Universe with zero
curvature. Now with the theoretical calculation done we can build a field of distance modulus
residuals, ∆µ, of the differences between our model predicted distance moduli, µmod and the
observed ones, µobs:
∆µ = µobs − µmod. (2.3)
We take as our fiducial model, the standard ΛCDM model with the parameters taken
from the Union2.1 SNe Ia data [35] to be consistent in our supernova investigation. Assuming
a flat universe, we take the matter density parameter to be ΩM = 0.295 ± 0.034 and we fix
the Hubble constant value at, H0 = 70 km/s/Mpc.
The residual field created is now expanded in spherical harmonics:
∆µ =
`=`max∑
`=0
m=+`∑
m=−`
am` Y
m
` . (2.4)
And the power spectrum is given as:
C` =
1
2`+ 1
+∑`
m=−`
a`ma
∗
`m. (2.5)
In the next section we will use the Union2.1 data set and apply the power spectrum
calculations as defined above to this data set.
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Figure 1. The distribution of the Union2.1 SNe Ia in Galactic coordinates. The white and black
points represent SNe with redshifts smaller and larger than 0.2 respectively. The yellow full circle
shows the direction of the detected dipole as discussed in section 3.1.
3 Observational Data
We utilise the Union2.1 SNe Ia data set [35] in our study. The 580 supernovae in this data
set span a redshift range of 0.015 < z < 1.414 and the sky distribution of this data set is
shown in figure 1. This data set is put together by combining various data sets after analysis
through the unified light curve-fitter of SALT2 [39] and it follows the previous Union [40] and
Union2 [13] data sets.
3.1 Results from Union2.1
To search for any detectable anisotropy in the Union2.1 data, we compare the angular power
spectrum (C`) of the observed distance modulus residuals, ∆µ, to the mean spectrum of
an isotropic universe which are affected by the Union2.1 observational uncertainties. For
each SN, the distance modulus for the isotropic flat universe, µmod, is computed for redshifts
given by the Union2.1 catalogue and the cosmological constants, H0 = 70 km/s/Mpc and
ΩM = 0.295 [35] as mentioned in section 2.
According to figure 1, the data points are sparse and far from continuity except for the
SDSS stripe 82. Expectedly, this will induce fictitious fluctuations on ∆µ spectrum specially
on small angles. To avoid this, we apply a low-pass angular frequency filter to the data and
will consider only the variations on large angular scales (low ` values).
After calculating ∆µ for each SN, we consider a HEALPix spherical map with an angular
resolution given by the Nside parameter and fill the map pixels with the ∆µ values according
to the corresponding SNe Galactic coordinates. The pixels containing more than one SN are
filled with the mean value of the corresponding residuals.
a`m coefficients are then computed from the ∆µ map with a given `max. By choosing a
smoothing angle of σ = 13◦, the a`m’s of both maps are multiplied by exp(−`(` + 1)σ2/2).
This will wash out fluctuations with ` > 6. And the power spectrum does not depend on the
map resolution for Nside ≥ 1024.
The resulting map is shown in figure 2. The brighter structures show the regions con-
taining SNe with luminosities brighter than the prediction of the isotropic model. And the
darker regions represent the dimmer SNe. Using this map, we can compute the associated
C`’s from eq. (2.5).
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Figure 2. The smoothed map of ∆µ for SNe Ia of the Union2.1 sample. The smoothing angle is 13◦.
The luminous/dark regions show SNe brighter/dimmer that the prediction for an isotropic universe.
The colour scale varies from −0.25 to +0.25 magnitudes.
Now in order to determine the mean power spectrum of the isotropic universe we do as
follows: For each Union2.1 supernova, we assume a Gaussian distribution centred at µmod(z)
with standard deviation σobs (the observed uncertainty) which includes both statistical and
systematic errors. By taking random values for the distance modulus, µrnd, out of every
Gaussian distribution we build up 1000 mock data sets each of which contains 580 SNe. The
residual field for the SNe of every set would then take the form:
∆µ = µmod − µrnd. (3.1)
Figure 3 shows the smoothed map for residuals computed through relation (3.1).
With the mock catalogues created, we calculate the corresponding power spectra of
residuals and average over the 1000 realisations to obtain the mean power spectrum with the
associated error bars (1σ dispersion). It is needless to say that any real anisotropy signal to
be detected should surpass these error bars with sufficient significance. In this way we can
eliminate possible fake anisotropies.
The blue triangles in figure 4 represent the angular power spectrum of the smoothed
data. The peak at ` = 4 corresponds to the dark/luminous patterns presented in figure 2.
And the red circles in figure 4 show the mean power spectrum of the isotropic universe. The
error bars represent 1σ dispersion at either sides of the mean values. The two spectra in
figure 4 are separated by ∼ 4σ at ` = 4 with separation less than 2σ for ` = 1. The spectra
are derived from maps with Nside = 1024.
The dipole detected locates towards l = 171◦±21◦ and b = −26◦±28◦ with an apparent
magnitude difference of 4 magnitudes. We should mention that the observed dipolar tension
disappears if we redo the analysis excluding the high redshift SNe with z > 0.2. According
to figure 1 the observed high redshift SNe Ia with z > 0.2 (black points) are distributed less
isotropically than the ones at lower redshifts (white points with z < 0.2). Indeed, the 230 low
redshift SNe Ia are rather uniformly distributed over both hemispheres, while 2/3 of the 350
high redshift SNe Ia are located in the southern Galactic plane, mainly concentrated in the
SDSS stripe 82 which is close to the direction of the detected dipole. This indicates that the
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Figure 3. Similar to figure 2 but constructed for a realisation of an isotropic universe affected by
observational uncertainties of the Union2.1 data.
Figure 4. The angular power spectrum (per steradian) of the Union2.1 data is shown by blue
triangles. The red circles show the mean power spectrum expected from an isotropic universe affected
by observational uncertainties of the Union2.1 data.
observed dipole is most likely due to the anisotropy in the observations, rather than being of
a cosmological nature.
4 Simulation
In this section, we shall discuss in detail the assumptions made in the production of the
simulations we built. We simulated SNe Ia data sets in light of the upcoming more abundant
supernovae data. Among these are the LSST [38], Euclid [41] and WFIRST [42] surveys. As
it is presented in the work by Jain et al. [43], by putting together the results of these future
surveys we would be able to achieve much more than if we were to utilise any one of them
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on their own. For instance, while the LSST will discover SNe Ia in the southern sky, Euclid
and WFIRST are planned to explore both hemispheres. Furthermore, putting together the
data from all these surveys an overall extended redshift range will be achieved. Of course, to
actually put the data from these surveys together requires careful study of the systematics
involved in each one but here we are considering creating a simplistic simulation and so suffice
to the mention of these facts.
Again in the spirit of creating a simplistic simulation, we assume our data will be suffi-
ciently sky-covering and also spanning the redshift range up to cosmological scales so that we
can investigate cosmological (an)isotropy. Furthermore, we require that the precision of the
data is good enough such that we can have precise distances to SNe Ia. In this sense we shall
adopt the characteristics of the upcoming LSST survey for building our simplistic simulations.
For instance regarding the precision of measurements and the systematics involved we shall
adhere to the predictions made by the LSST team which we will discuss in section 4.1.
In particular with regards to the issue of the Galactic plane extinction, we neglect to
mask it and consider the SNe homogeneously and isotropically distributed over whole sky.
It is of course needless to emphasise that we choose an arbitrary anisotropy direction which
avoids the Galactic plane.
Moreover, the LSST [38] will bring about a vast number of SNe Ia in its 10 years of
operation. It is estimated that about 50,000 supernovae per year will be observed using this
6.5 wide telescope. The supernovae range in redshift from 0.1 to 1.
As mentioned previously, we would like to find a threshold value for the amplitude of
a possible dipole anisotropy which could be seen by future surveys. For this we constructed
two types of isotropic and anisotropic simulations for increasing numbers of SNe Ia. In what
follows we explain in detail the methods we used in making these simulations.
4.1 Isotropic Universe Simulation
To simulate the mean spectra of sky realisations of an isotropic universe, we homogeneously
fill the whole sky with 10,000 to 50,000 SNe Ia with a step size of 5,000 and assign isotropic
distance moduli to every supernovae according to the random redshifts taken out of the
redshift distribution derived from the LSST photometric sensitivity considerations. As for
the errors we should include in our analysis, we take into account statistical and systematic
errors as expected from the LSST survey which we explain in detail below.
We make 700 sky realisations (mock catalogues) for every number of SNe in turn, in a
similar way and average over the resulting power spectra derived from the maps to obtain the
mean isotropic power spectrum we are looking for.
To include the statistical errors in the simulated distance moduli, we consider the statis-
tical photometric error predicted for the LSST [38]. Considering a supernova with apparent
magnitude m, the error on the magnitude is given by:
σ2stat = (0.04− γ)x+ γx2, (4.1)
where x = 10(m−m5), γ = 0.038 and m5 = 25 in g-band. The magnitude limit on the g-band
for the LSST single visit is 24.3 [38]. We generate SNe Ia located at redshifts larger than 0.1
and compute their distance moduli from eq. (2.1). Neglecting the intrinsic dispersion of SNe
Ia, we assume the absolute magnitude for SN Ia in g-band to be Mg = −19.
The intrinsic dispersion can be later included as a systematic error. We compute the
apparent magnitudes and accept those that pass the magnitude limit of the LSST where the
uncertainty on the magnitude limit (given by eq. (4.1)) is taken into account. Figure 5 shows
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Figure 5. The distribution of the simulated apparent g-magnitude of SNe Ia is displayed at the top.
The corresponding redshift distribution is shown at the bottom.
the distribution of the g-magnitude and corresponding redshifts for 50,000 SNe which pass
the magnitude filter for the LSST single visit. Different realisations of the isotropic universe
will follow the magnitude distribution represented in this figure.
For the systematic errors on magnitudes, we consider a simple assumption that the sys-
tematic error, σsys, is constant for all SNe at all directions. Of course direction-dependent sys-
tematics will introduce more complications to detecting anisotropic SNe luminosities, which
is beyond the scope of the present study.
Suppose for a realisation of an isotropic universe, we simulate N number of SNe Ia with
apparent magnitudes and redshifts selected from figure 5. The fluctuation of the distance
modulus of the ith SN induced by statistical and systematic uncertainties can be quantified
as:
∆µiiso = δ
i
stat + δsys, (4.2)
where 1 ≤ i ≤ N . For each SN δistat is randomly selected from a Gaussian distribution with a
width of σstat and zero mean value. And also δsys is constant for all SNe of a realisation chang-
ing from one realisation to the next through a random selection from a Gaussian distribution
with a width of σsys and zero mean value.
Figure 6 shows the comparison between the spectra computed for the isotropic universe
affected by the observational uncertainties of the Union2.1 data and the LSST simulated
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Figure 6. The comparison of the mean spectra of isotropic universes estimated using observational
uncertainties of the Union2.1 data and the LSST forecast. The error bars indicate 1σ dispersion.
data. They are produced for the same number of SNe as the Union2.1 data set with the
same Galactic coordinates. Each power spectrum is calculated from the averaging of 700
realisations. The red points are as same as those in figure 4 for the Union2.1 catalogue. The
green points show the spectrum computed for the LSST including only statistical errors. The
blue points include both statistical and systematic errors with σsys = 0.15.
At low multipoles, the LSST powers are on average about seven times weaker than those
for the Union2.1 in the absence of the systematics. This ratio changes to two in the presence
of the systematics where the power dispersion also increases. This shows that a high precision
survey (like the LSST) can improve the constraining of the anisotropies up to about an order
of magnitude depending on the systematics.
4.2 Anisotropic Universe Simulation
The simulation method for an anisotropic universe is similar to that was explained in the
previous section only that now we only make one map by choosing an arbitrary direction
and applying a modulation to the luminosity distance which results in a modulation in the
distance modulus of the form:
µmodulated = µmod + 5 log(1 +A cos θ), (4.3)
where, µmodulated, is the modulated distance modulus, µmod, is the model predicted
distance modulus, A, is the amplitude of the dipole anisotropy and θ is the angle between
the direction of every supernova and an arbitrarily chosen direction of modulation.
Now to have an estimation on the threshold amplitude of a detectable dipole anisotropy
described by eq. (4.3), again we make a whole sky simulation according to the LSST photo-
metric sensitivity considerations. Once again we uniformly fill the sky from 10,000 to 50,000
SNe Ia with a step size of 5,000 and investigate how the threshold dipole amplitude changes
with increasing numbers of SNe Ia in the presence of the statistical and systematic errors.
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Figure 7. Minimum detectable amplitude for a dipole anisotropy as a function of number of SNe
Ia distributed homogeneously over the whole sky. Solid blue curve includes both statistical and
systematic errors with σsys = 0.15. Red dashed curve includes only statistical errors on distance
moduli.
We consider the detection threshold as a minimum amplitude which produces 5σ separation
from the mean spectrum of the isotropic universe at `=1, where σ is the dispersion of the
mean spectrum of the isotropic universe as explained in previous section.
4.3 Results from Simulation
In this section, we investigated how the increasing number of SNe Ia to be observed in the
future can affect the detectable threshold of a possible dipolar anisotropy in SNe Ia luminosity.
We determined the amplitude, A of eq. (4.3) in a way that the anisotropic power spectra
would have at least 5σ separation from the corresponding mean isotropic spectra at ` = 1.
Figure 7 shows the minimum detectable amplitude for a dipolar anisotropy simulated
through the steps explained in section 4.2. The red dashed curve displays the threshold
amplitude by including only the statistical uncertainties. And the blue solid curve contains
both statistical and systematic errors with σsys = 0.15. It can be seen that the threshold
amplitude decreases by about five times as the number of SNe increases from 10,000 to 50,000
for this curve. Comparing the two plots shows that the presence of the systematics increases
the detection threshold amplitude. What is more, we show that future high-precision surveys
can improve the anisotropy detection up to about an order of magnitude as compared to the
Union2.1 data.
5 Conclusions
In this paper we have studied the method of power spectrum calculation in order for identifying
possible anisotropies in the Universe using the data of Type Ia supernovae (SNe Ia). For this,
we considered using the Union2.1 SNe Ia data set (including all redshifts) and also simulating
the future more abundant SNe Ia data of e.g. the LSST.
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To analyse the Union2.1 data set, we focused on the spectral values at low multipoles
since the data were scarce. Furthermore, as discussed in section 3.1, we adopted a smoothing
method which would assist us with our power spectrum calculation for the discontinuous
field of our residuals. We then compared our data power spectrum with the equivalent
for an isotropic universe. For this we created 1000 sky realisations for the same spatial
distribution of the Union2.1 data and computed the mean spectrum of the distance modulus
residuals corresponding to an isotropic universe affected by the observational uncertainties of
the Union2.1 data.
Through this comparison, we found ∼ 4σ tension at ` = 4 between the two spectra.
An indication of a dipolar anisotropy exists with a significance of smaller than 2σ towards
l = 171◦ ± 21◦ and b = −26◦ ± 28◦. We did not detect any significant evidence for dipolar
anisotropy at redshifts smaller than 0.2. We found that the observed dipole could hence be
an artifact of the anisotropic spatial distribution of the high-redshift SNe Ia rather than being
the result of cosmological effects.
We then addressed the anisotropy search for future surveys with the aim of investigating
how the increase in the number of observed SNe Ia in the future can affect the detectable
threshold of a possible dipolar anisotropy in SNe Ia luminosity. To do so, we considered from
10,000 to 50,000 SNe Ia with a step size of 5000. For each set of SNe Ia, we made 700 realisa-
tions of the isotropic universe and computed the corresponding mean angular power spectrum.
Then we created anisotropic simulations by adding a dipole term to the distance modulus
relation (as shown in eq. (4.3)) and calculated the resulting anisotropic power spectra corre-
sponding to each SNe Ia set. As for the uncertainties, we used the photometric uncertainties
as predicted for the LSST survey in addition to adopting a conservative systematic error of
0.15 magnitudes.
We calculated threshold values with 5σ significance for possible dipole anisotropies that
could be seen using the power spectrum method for increasing numbers of SNe Ia in the
future data sets. As would be expected, such a dipole amplitude decreased in amplitude as
the number of observed SNe Ia increased. As discussed at length in section 4, our simulations
were simplistic versions of a proper one which would take into account every factor that could
possibly affect the final results. As such we did not mask the Galactic plane and therefore, we
can say that the dipole amplitudes we have calculated in this investigation would correspond
to every direction other than the those towards the Galactic plane.
Moreover, we compared the isotropic power spectra affected by the Union2.1 data ob-
servational uncertainties to the one with the predicted uncertainties of future surveys (like
the LSST) with the same number and coordinates of SNe Ia as in the Union2.1 data set.
Through this comparison, we showed that at low multipoles the constraining of a dipolar
anisotropy can be improved up to about an order of magnitude for future surveys depending
on the systematics.
In this work we considered only the lowest possible moment of anisotropy. But of course
as the SNe Ia data sets increase in size and accuracy of observations, possible anisotropies in
higher multipole moments i.e. at smaller angular scales could also be resolved in principle.
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